Abstract--This paper presents a study of determining the optimum operating parameters of a unipolar PWM inverter. Variations on the input voltage level and switching frequency will be investigated to see their impacts on the operation of the inverter and harmonics produced. Results through experimental approach show that careful selections of inverter parameters yield inverter's operation with highest efficiency and lowest distortion.
makes the devices less economical and increases their heat output. The heat output also makes the device more expensive because of the need to dissipate this heat.
Harmonic distortion of output voltage and current can lead to voltage distortion reaching a transformer that cannot handle harmonics. As a result, k-rated transformers may be necessary despite the additional doubling in cost and increase in weight [4] . This cost can also make the economics of the inverter less efficient. Also, at the higher frequencies of harmonics, increased eddy currents and hysteresis losses can heat up a transformer. These effects of distortion can also add up and cause detrimental effects to the entire power system [5] [6] .
Many studies have been conducted on the efficiency and harmonic distortion of inverters. However, all of these studies do not involve the inverter in its simplest form. Inverter efficiency is investigated in a variety of forms. In [7] and [8] , high efficiencies are obtained, however a DC-DC converter stage is used. In [9] , [10] , [11] , and [12] , the effect of wide input voltage ranges are specifically investigated, but once again this is done through the use of a DC-DC converter stage that steps the voltage up or down to the desired DC inverter input. In [13] , [14] , and [15] , soft switching topologies are used to increase efficiency by reducing switching losses. Harmonic distortion studies have also been conducted. In [16] and [17] , the harmonic content of the output is investigated, and in [18] and [19] IEEE 519 standards and recommendations for harmonic content are addressed and met. However, in all of these studies a filtering stage is used. Whether investigating efficiencies or harmonics, the basic inverter topology is not used by itself.
One major use of inverters is in photovoltaic applications, especially those of grid-tied. Photovoltaic arrays and their relationship with inverters have also been studied. A photovoltaic module's maximum power point voltage can range anywhere from 23 to 38 V [20] . Modules can be arranged in many different combinations of series and parallel to meet the needs of the converter and load. In [21] several different combinations of photovoltaic arrays in series and parallel are analyzed to determine the maximum possible output power. Traditionally, a central inverter topology is used with respect to module configuration where all photovoltaic modules are connected to a main centralized inverter. In [22] and [23] C efficiency and mismatch. However, all of these studies focus on the voltage and configuration that yields the maximum possible output power of the array and they do not address the desired input voltage of the inverter to give the maximum efficiency of the inversion process. In this paper, the effect of different input and output variables on a basic unipolar PWM inverter topology is investigated; specifically the efficiency and harmonic content. These changing variables will include the DC input voltage, switching frequency, and output load. The control signals of the inverter can be adjusted for each input voltage and switching frequency to produce the same output voltage at the fundamental frequency.
This study will ultimately culminate in determining the optimum input voltage and switching frequency of an inverter based on its load. This would be a vital resource for engineers designing inverters for the highest possible efficiency and lowest possible harmonic distortion. The switching frequency could be set as a fixed parameter or adjusted on the fly for optimum conditions. The input voltage constraint could be used to appropriately configure photovoltaic modules in any number of series and parallel as well as to appropriately design a DC-DC converter stage to output this desired voltage.
This study involves an inverter in its simplest form. Since a good portion of the harmonic content can be filtered out, it would be difficult to determine the effect different variable had on the THD after filtering. Therefore, output filtering will not be used. Also, since this study could be used to appropriately size DC-DC converters' outputs, a step-up or step-down stage will not be used at the input.
The paper begins with a brief introduction on the inverter topology used. Following this, the operation of a unipolar PWM inverter is shown and efficiency and total harmonic distortion are analyzed. Laboratory testing through hardware setup using PM50CLA060 Intelligent Power Module (IPM) from Powerex, Inc will be presented, and results of the hardware measurements will also be discussed. Figure 1 shows a standard voltage-sourced, full-bridge inverter using four switches. In PWM inverters the switches operate by comparing a sine wave with a triangle wave, switching the inverter at the high frequency of the triangle wave. This has the disadvantage of complex control circuitry, however it makes up for this in easily filterable harmonic content.
II. UNIPOLAR PWM INVERTER
While bipolar inverters switch between a positive and negative voltage, unipolar inverters switch between a positive, negative, and zero voltage. As the desired sinusoidal output voltage approaches its maximum, the duty cycle of the positive voltage increases. As the sine wave decreases from its peak, the duty cycle decreases until zero, upon which it begins increasing the duty cycle of the negative output voltage. The switching topology used involves one half of the full bridge operating at high frequencies, while the other half operates at the lower output frequency. This is summarized below. This particular high and low frequency switching topology is used because of its wide spread application. While it does have harmonic content at lower frequencies, only two switched have high frequency switching loss making the topology more efficient. Also, for the purpose of this experiment, this topology's control circuitry is easier to implement. In unipolar PWM inverters the amplitude of the fundamental frequency is linearly proportional to the DC input voltage and the amplitude modulation. The amplitude modulation is the ratio of the sinusoidal control signal amplitude to that of the triangular control signal. So in order to maintain a fixed 120 V output at 60 Hz the amplitude modulation must decrease when the DC input voltage increases.
III. INVERTER OPERATION
The lab set-up can be seen in Figure 2 . Many devices were used to allow for easy control of the device. This included three DC power supplied in series to supply the input voltage, three DC power supplies to supply the control, two function generators to create control signals, a power quality analyzer to measure the output voltage, and bench resistors for the load. Figure 3 shows a more detailed view of the IPM, interface, and control circuitry. The BP7B interface module from Powerex was used in order to allow direct connection of control signals to the IPM. Figure 4 shows the inverter switching signals at a 2 kHz switching frequency. Notice on the right of Figure 4 that the triangle wave of Channel 3 has a frequency of 1.998 kHz. The sine wave of Channel 4 is moving much slower. When the triangle wave is greater than the sine wave there is a pulse on Channel 1. Channel 1 shows the high frequency switching signal that generates two switching signals with the half bridge driver. Channel 2 pulses whenever the sine wave is greater than 5V. This is the low frequency switching signal that generates two of the switching signals with the half bridge driver as shown in Figure 1 . 
Notice that the pulses occur at positive and negative 200 V. The period appears to be just over 15 ms or 60 Hz. Since 2 kHz is the lowest switching frequency, the pulses can actually be seen at 5 ms/div. Notice how the pulses get slightly wider in the middle of the negative half cycle. This is increasing the effective voltage, much like a sine wave reaching its peak, the average voltage increases.
IV. EXPERIMENTAL ANALYSIS
The inverter parameters used are summarized in Table 1 . The input voltage, switching frequency, and load are specified as ranges. This is because these values are varied over this range to determine the optimum efficiency and lowest harmonic distortion. 
Five different loads of 300, 150, 75, 50, 42.85 Ω were used. The highest load of 42.85 Ω was used because that was just below the 3.3 A current limit of the power supplies generating the input voltage. This load consisted of three 150 Ω resistors in parallel in parallel with two 150 Ω resistors in series. The other loads consisted of two 150 Ω resistors in series, followed by one, two, and three in parallel for 300, 150, 75, and 50 Ω loads. Figure 6 shows the experimental efficiency for all loads. It can be seen that the efficiency has the same correlation regardless of load. They have similar downward slopes as efficiency and switching frequency increase. Some inspection suggests that the optimum parameters at this load are the lowest input voltage and lowest switching frequency. This is to be expected since a lower switching frequency means less switching losses. While less obvious, a lower input voltage is better for the same reason. With higher voltages, more switching has to occur to reduce the effective voltage. This increases the losses, decreasing the efficiency. Figures 7 and 8 show two different slices of the threedimensional plot which provide a better idea of the trend on the efficiency with respect to changing input voltage and switching frequency. Figure 7 shows a slight decrease in efficiency as input voltage increases and switching frequency remains constant. Figure 8 shows the more obvious trend of efficiency decreasing as switching frequency increases and the input voltage remains constant. Following the efficiency measurements, the total harmonic distortion was measured. This was originally done using the Powersight 3000 however, at higher frequencies it had difficulty measuring the output THD and voltage. Instead, the Fluke Power Quality Analyzer was used. Figure 9 shows the experimental THD for all loads. Once again, it can be seen that the load does not change the operation of the inverter and the THD is independent of the load. With the exception of the 2 kHz case, the THD remains relatively constant as switching frequency changes. This is a result of the output voltage remaining relatively constant as switching frequency increases and can most likely be attributed to the total on time of the switches being roughly the same for changing conditions. A slight increase in experimental THD can be seen as the input voltage increases. This is due to the total output voltage increasing while the fundamental component remains fixed. As the voltage increases, more harmonic content is being added in order to maintain a fixed 120 V output at 60 Hz. Figures 10 and 11 show two different slices of the threedimensional plot to get a better idea of THD's trend with input voltage and switching frequency. Figure 10 shows an increase in THD as input voltage increases and switching frequency remains constant. Figure 11 shows that with the input voltage fixed at excluding the 2 kHz case that the THD remains relatively constant as switching frequency increases. All of the trends in efficiency and THD have been explained so far, with the exception of the THD at 2 kHz. The reason why the harmonic distortion is so much greater can be explained by the way in which the device measures THD. Power quality analyzers do this by measuring the first fifty harmonics and neglecting all of the others. Normally, this would not affect a reading that greatly because there would be filtering, but in this case the output is unfiltered. This means that harmonics will occur at and around multiples of the switching frequency. Figure 12 shows the harmonic content of the output voltage for a 210 V input and 2 kHz switching frequency. Notice that a 2 kHz spike occurs at harmonic 33. For all other cases, the switching frequency harmonics are not even measured. This points out that power quality analyzers can significantly under measure harmonic content. This information however is still relevant because it points out that after filtering higher harmonics, the THD is independent of switching frequency. The results of this study suggest particular steps that should be taken in designing the most optimum inverter and photovoltaic system. In order to maintain the highest efficiency, the lowest switching frequency should be used as well as a DC input voltage that is just above the desired peak of the output voltage. This is the case regardless of load. With respect to harmonic distortion, similar conditions apply. The lowest possible input voltage should also be used with the best case being that of the peak of the desired output voltage. Without filtering, switching frequency is not dependent on THD and any value could be used. With filtering, higher switching frequencies are most likely preferred. This is a result of higher frequencies being easier to filter because of the harmonic content being further away from the fundamental frequency as well as the smaller size of components. Also, higher frequencies make low pass filtering easier. High pass filtering techniques are more susceptible to noise [24] . However, there exists a trade-off here between efficiency and harmonic filtering. If a higher frequency is chosen because of filtering ease, the efficiency will suffer. The importance of each of these should be evaluated before a decision is made.
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